Reactions of 4,5-dicyano-1-methylimidazole with CuX 2 (X = Cl, Br) in alcohol solvents (ethanol and methanol) resulted in the formation of Cu(II) carboximidate complexes [CuCl 2 (5-cyano-4-C(OEt)N-1-methylimidazole)(EtOH)]
Introduction
Compounds with imidazole rings have been increasingly studied because imidazole plays a significant role in biological processes [1] [2] [3] [4] . For instance, some derivatives are used for the treatment of fungal and cancer diseases [5, 6] . Imidazoles are found in many medicines, such as antifungal drug series, the sedative midazolam, and the nitroimidazole series of antibiotics [7] [8] [9] [10] . On the other hand, imidazole derivatives are used in the synthesis of polymers [11, 12] or copolymers [13, 14] . Their utilization as ligands with electron acceptor properties and as promising ligands for the synthesis of anisotropic conductors has been reported [15] [16] [17] [18] .
It is well known, that the CN group is sensitive to nucleophilic attack [19] . Alcoholysis of the nitrile group gives rise to carboximidates or more generally, imidates. The carboximidate group is thus an imino ether and can also be considered as an iminoester formed from carboximidic acid and alcohol. Metal complexes with cyanoimidazole ligands are rare. Rasmussen et al. reported synthesis and characterization of the Cu(I) complex, where the 4,5-dicyanoimidazole ligand coordinated to the Cu(I) ion in bidentate fashion via one imidazole N atom and the N atom of the imidato group, which was formed due to a nucleophilic reaction of methanol to one CN group in the presence of carbon monoxide. Typically, imidazole was deprotonated and acted an anionic ligand. Two triphenylphosphine groups Inorganics 2019, 7, 87 2 of 15 completed the coordination sphere of the metal [20] . In some Cu(II) complexes based on cyanopyridine ligands, similar alcoholysis of cyano groups takes place [20] [21] [22] [23] [24] [25] [26] . The methyl group at the nitrogen atom prevents deprotonation of the imidazole ring in 4,5-dicyano-1-methylimidazole, which is thus less acidic than 4,5-dicyanoimidazole [27] . Therefore, the apparent coordination sites are one of the imidazole nitrogens and the two cyano groups.
Our earlier studies on this ligand in Ag(I) complexes revealed that the polydentate character of 4,5-dicyano-1-methylimidazole gives rise to formation of coordination polymers. In [Ag(4,5-dicyano-1-methylimidazole) 2 ] n [CF 3 SO 3 ] n and [Ag 2 (4,5-dicyano-1-methylimidazole) 2 ] [NO 3 ] 2 , the imidazole N atom and N atom of one cyano group are involved in coordination with Ag(I) ions, whereas in the [Ag 2 (4,5-dicyano-1-methylimidazole) 2 ] n [ClO 3 ] 2n complex, all three coordination sites of the ligand are utilized [28] .
There are still no known organometallic complexes derived from 4,5-dicyano-1-methylimidazole, where the ligand coordinates to the metal ion in bidentate fashion through the N atoms of the heterocycle and of carboximidate, obtained from CN activation. However, based on reported carboximidate metal complexes derived from cyanopyridine [20] [21] [22] [23] [24] [25] [26] and 4,5-dicyanoimidazol [20] , it is logical to assume that such complexes also can be synthesized based on this ligand. Therefore, in the present study, the reactions of 4,5-dicyano-1-methylimidazole with CuCl 2 and CuBr 2 were compared in different alcoholic media. As products, we describe four new Cu(II) complexes based on 4,5-dicyano-1-methylimidazole ligands. All compounds are water soluble, which is typical for imidazole derivatives and broadens the scope of their applicability.
Results and Discussion
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The Cu(II) complexes 1-4 were synthesized via reactions of CuCl2 or CuBr2 with 4,5-dicyano-1-methylimidazole in alcoholic media and successive crystallization at +5 °C. The summary of the reactions is presented in Figure 1 . 
Structural Analysis
All the structures were solved by the single-crystal X-ray crystallographic method. X-ray structures for 1-4 are presented in Figure 2 and their important geometric parameters are shown in Table 1 . All complexes crystallized in the triclinic crystal system P1 space group. Complex 1 has a monomeric structure while the others have a centrosymmetric dimeric structure. In 1, the metal center adopts a distorted square-pyramidal geometry with the oxygen atom of coordinated ethanol molecule in the apical position. The binuclear complexes 2-4 adopt the same geometry around the 
All the structures were solved by the single-crystal X-ray crystallographic method. X-ray structures for 1-4 are presented in Figure 2 and their important geometric parameters are shown in Table 1 . All complexes crystallized in the triclinic crystal system P1 space group. Complex 1 has a monomeric structure while the others have a centrosymmetric dimeric structure. In 1, the metal center adopts a distorted square-pyramidal geometry with the oxygen atom of coordinated ethanol molecule in the apical position. The binuclear complexes 2-4 adopt the same geometry around the metal center, but they contain a bridging halogen ligand in an apex of the square-pyramid instead of the ethanol molecule. In all complexes, the square base is completed by two halogen ligands and two nitrogen atoms of the ligand.
The geometries and the ground state spin states of complexes 1-4 were also optimized computationally at the DFT level of theory. The singlet ground state of complex 1 showed a good match with experimental geometry. Furthermore, the optimized geometry of the dimeric complexes 2-4 in the triplet ground state demonstrated good agreement with experimental structures (less than 3% average deviation). The selected optimized parameters are compared with the experimental ones in Tables S1-S4. In addition, the calculations confirmed the presence of the H atom at the imino group in all complexes, and therefore allowed the tautomeric form of the ligand in coordination to be verified.
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(3), and [Cu2(µ-Br)2Br2(5-cyano-4-C(OEt)N-1-methylimidazole)2] (4). Thermal ellipsoids are shown at 50% probability level. In the synthesis of the compounds, the presence of alcohol solvent is responsible for the transformation of the ligand. One of the cyano groups undergoes nucleophilic addition of the solvent molecule to generate a chelating imidate ligand. Furthermore, the nature and the oxidation state, and hence the Lewis acidity of the metal plays an important role in the reaction. The earlier reported Ag(I) complexes with 4,5-dicyano-1-methylimidazole showed that the ligand was not susceptible to nucleophilic attack by alcohol solvent [28] . In the copper(II) compounds obtained in the present study, the solvent molecules play an additional role in coordination of the ligands to the metal center. According to computational analysis, the bridging halogens are able to stabilize the dimeric structure in 2-4, but not in 1. One plausible explanation of this behavior is that due to either larger Cu-Br distances of the halogen bridges (optimized distances 2.903 Å vs. 2.789 Å in 4 and 2, respectively), or the smaller size of the solvent molecule (methanol vs. ethanol in 2 and 1, respectively), energetic reasons favor formation of a dimer in 2-4, but the larger steric demands of the EtOH solvent molecule favor the formation of a monomer in 1. Copper(II) acts as promoter for alcoholysis of the cyano group in the ligand. The solvent not only participates in solvolysis but it also acts as an additional ligand in complex 1. Therefore, copper stimulates the cyano group for alcoholysis reaction, which agrees with previously reported studies [19, 30] . The ligand coordinates to the metal center through the imidazole nitrogen N1 and the imidato nitrogen N2 to form a five-membered chelating ring in the equatorial position. The Cu1-N1 and Cu1-N2 bond lengths lie in the narrow ranges of 1.989-2.025 Å and 2.009-2.036 Å, respectively, which agree with earlier reported copper(II) complexes [20, 21, 23, 25, [31] [32] [33] [34] [35] . The nitrogen-halogen distances at basal planes are almost symmetrical in all compounds. The axial bond lengths of Cu1-X' and Cu1-O2 lie in a similar range to earlier published values [36] [37] [38] [39] [40] [41] [42] [43] [44] . As expected, the bond distances between the metal center and halogen atoms in the equatorial position are shorter than in the apical position.
Two equatorial angles O2/X'-Cu1-N1 and O2/X'-Cu1-N2 are formed with almost ideal values of 90 • , whereas X1-Cu1-X2 is slightly larger than 90 • . The bite angle N1-Cu1-N2 is thus less 90 • , which is common for this type of coordination [20, 21, 23, 25, 31, 34] and the apex of the pyramid is slightly shifted towards the two nitrogen atoms. In five-coordinated complexes, the degree of distortion was evaluated by the geometry index τ depending on the two largest angles (β > α) around the metal center as τ = (β − α)/60 • , where the τ value varies from 0 to 1.37 The extreme τ values such as 0 and 1 indicate ideal square pyramidal and trigonal-bipyramidal geometries, respectively. The τ value for 1-4 (0.038-0.087) is a sign that almost perfect square pyramidal geometry is formed around the Cu(II) ion. In all complexes, the torsion angle Cu1-N1-C5-C3 is close to 180 • , showing that the copper atom is almost co-planar with the imidazole ring.
In the middle of the dimers 2-4, two halogen ligands bridge the copper centers building up a planar Cu 2 X 2 unit. The distance between the two copper centers varies between 3.395-3.860 Å, which is typical for dihalo-bridged copper dimers [29, 30] and shows no metallophilic interaction between the two copper(II) ions. It is also noteworthy, that in 1-3 the alkoxy group at copper lies in the trans position to the terminal halogen, while in 4 it is trans to the bridging halogen.
Computational Studies
We optimized the geometry of the molecular complexes 1-4 in order to compare the nature of the intramolecular interactions and their effect on the structural features by DFT calculations and by performing QTAIM (Quantum Theory of Atoms in Molecules) analysis for the optimized compounds. Figure 3 displays the bond paths and the corresponding bond critical points for the dimeric complexes 2-4. The results for the analysis are presented in Table 2 . Table 2 . Properties of the electron density in the selected bond critical points (BCPs) for compounds 1-4. For the numbering scheme of the BCPs, see Figure 3 . Atom numbers follow the scheme in Figure 2 .
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The major difference between monomeric compound 1 and dimeric compound 2 is that in the former compound the apical position occupies a solvent molecule instead of a Cl ligand. This is energetically favorable, since the interaction strength of the Cu-O bond in 1 (BCP #4 ) is about twice the value of the corresponding Cu-Cl in 2 (BCP #4). However, as previously pointed out, there is a subtle balance between electronic and steric effects in complexation.
In dimeric compounds 2-4, the halogen atoms, which are trans to nitrogen atoms, coordinate with stronger, partially covalent Cu-X bonds, as can be seen by the larger E INT values and |V|/G >1 for BCPs #3 and #5. The trans effect makes a large contribution, therefore there is no difference between the interaction strengths of bridging and non-bridging halogens. On the other hand, the halogen, which has no trans atoms in the coordination sphere, shows a rather weak and effectively non-covalent interaction to the copper center (for example, E INT = −121 kJ·mol −1 vs. −25 kJ·mol −1 for Cu-Cl). The halogen effect is smaller, Cu-Cl bonds (E INT = −121 kJ·mol −1 ) are stronger than Cu-Br (E INT = −90 kJ·mol −1 ). Furthermore, the coordinated nitrogen atom from the activated cyano group forms a slightly stronger interaction with copper than the imidazole nitrogen. Otherwise there are no major differences between the intermolecular interactions in compounds 2-4. Even the intramolecular weak interactions are very similar, and the different orientation of the ligands in 4 vs. 3 has no major effect.
In the solid state of the molecular complexes, several weak intermolecular interactions are present ( Figure 4 ). In 1, intermolecular Cl1-H contact 2.627 Å to imine hydrogen and N-H contact 2.508 Å between the free cyano group and the methyl group at the imidazole give rise to a chain structure. Furthermore, Cl1 has a short contact 2.294 Å to the OH hydrogen at the coordinated ethanol molecule creating a 3D structure. The sum of the van der Waals radii is 2.95 Å for Cl-H and 2.75 Å for N-H. In 2 and 3, the nitrogen atom in the uncoordinated cyano group has distances of 2.504 and 2.499 Å with the H in the methoxy group. In these, the imidazole hydrogen also has short contact with the terminal halogen of 2.640 Å and 2.757 Å (sum of vdW 3.05 Å for H and Br). In 4 the nitrogen of the free CN forms an interaction of 2.384 Å with the H at the imidazole methyl. The Br···H of the imine is 2.788 Å. The intermolecular interactions were further studied via topological charge density analysis using extended models cut from the crystal structures of 1, 2, and 4. The bond paths and the bond critical points for models (1)4, (2)2, and (4)2 are shown in Figures S1-S3 (See Supplementary  Materials) . Table S6 lists the properties of the electron density at selected BCPs representing different types of weak intermolecular interactions.
It is no surprise, that the strongest intermolecular interactions are the hydrogen bonds between the chloride ligands and the hydrogen atoms from the OH or NH groups of neighboring molecules. The fairly strong Cl···H(O) interactions, compared to compounds 2-4, further stabilize the crystal structure of 1. According to the small |V|/G value (<1), all intermolecular interactions are clearly electrostatic in nature. Formation of dimers, however, limits the amount of "free" chlorides (nonbridging), and therefore hydrogen bonding interactions form between the non-modified cyano groups and the MeO/MeN groups.
IR Analysis
The IR spectra were measured in KBr. The assigned characteristic IR bands for complexes 1-4 agree with the X-ray crystallographic study of the single crystal. The spectra of the complexes The intermolecular interactions were further studied via topological charge density analysis using extended models cut from the crystal structures of 1, 2, and 4. The bond paths and the bond critical points for models (1) 4 , (2) 2, and (4) 2 are shown in Figures S1-S3 (See Supplementary Materials) . Table S6 lists the properties of the electron density at selected BCPs representing different types of weak intermolecular interactions.
The IR spectra were measured in KBr. The assigned characteristic IR bands for complexes 1-4 agree with the X-ray crystallographic study of the single crystal. The spectra of the complexes significantly differ from the IR spectrum of the free ligand due to the alcoholysis of the cyano group. Table 3 shows the comparison of the main IR bands of the complexes 1-4 with the free 4,5-dicyano-1-methylimidazole ligand. The infrared absorption characteristics were verified by simulation of the infrared spectra at the density functional theory level. Results for the experimental and computational IR frequencies are given in the supporting information (Tables S7-S11) . Table 3 . The most important IR absorptions. The appearance of N2-H stretching at 3359-3283 cm −1 and strong C6=N2 stretching bands at 1653-1639 confirm the formation of carboximidate complexes. The intensity of the N2-H stretching bands varies from medium (in 2 and 3) to weak (in 1, 4) . The C6=N2 and C5=C3 stretching modes are presented as two sharp intense bands, which are consistent with the previously reported values of the bands [26, 45, 46] .
The modified part of the ligand in the complexes can be considered as an ester including the alkoxy group and the imine group. As a rule, an ester is characterized by two bands of asymmetric C-O stretching in the 1300-1000 cm −1 region [47] , which in the metal complexes is shifted to higher frequency region [24, 30, 44] . In all spectra of the complexes 1-4, a strong band at ca. 1300 cm −1 is assigned to the asymmetric C-O stretching mode. The second asymmetric C-O stretching band related to the alkoxy group should lie in the 1200-1000 cm −1 region. In 2 and 3, the band at 1145 and 1144 cm −1 , respectively, is attributed to asymmetric C-O stretching combined with the methyl-rocking mode of the methoxy group, which is consistent with earlier reported values of the bands. In 1 and 4, the asymmetric C-O stretching mode mixed with the skeletal vibrations of ethoxy was observed at 1007 and 1005 cm −1 , respectively, which agrees with asymmetric C-O stretching for primary alcohols [48] .
The C≡N stretching vibration in the complexes appears at almost the same wavenumber as in the free ligand, but the intensity significantly changes from strong to weak. This indicates the decrease of the number of free cyano groups in a molecule. The slight deviation in wavenumbers is probably due to weak intermolecular C≡N···H interactions [19] .
In the spectrum of 1, the O-H stretching is observed at 3368 cm −1 , which is consistent with the reported value in the literature for organometallic compounds having a coordinated alcohol molecule to the metal atom.
UV-Vis Analysis
We measured the UV-Vis spectra of compounds 1-4 and analyzed their absorption characteristics via TD-DFT calculations. The experimental and computational results in acetonitrile solution are compared in Table 4 , and the selected spectra are shown in Figures S4-S6 . It should be noted that because of the many nearly degenerate MOs, the interpretation is complicated by the mixing of several weaker transitions in the excited states. Examples of the MOs involved in the main excitations are presented in Figures S7-S10 . Mixing of the different kinds of electronic transitions with excitations between the copper dorbitals explains the relatively dark color of the crystals. According to the appearance of the MOs shown in Figures S7 and S8 , the main difference between the monomeric 1 and dimeric 2 can be seen in the lowest energy signal at 731 nm (1) or 802 nm (2) . In 2, the lowest energy excitation involves MOs which are concentrated on the Cu-µ(Cl 2 )-Cu system, including also some contribution from the π system of the activated cyano group. On the other hand, the lowest energy signal in 1 includes mixing of dd excitation with metal-to-ligand charge transfer, where the ligand part includes also the axial ethanol solvent molecule. This M(X)LCT contribution leads to a blue shift in the lowest energy signal. The other main excitations presented in Table 4 are very similar for both 1 and 2, and consist mainly of ligand-to-metal-to-halogen charge transfer transitions.
The influence of the halogen is clearly seen in the UV-Vis spectra of bromide-bridged 3 and 4, when compared with the corresponding chloride compound 2. The lowest energy excitations are strongly blue-shifted in 3 and 4 because of the larger contribution of the aromatic ligands ( Figures S9  and S10) . In contrast, the large participation of all the bromide ligands in the excitations at around 500 nm leads to a red-shift compared to the corresponding excitations in 2 (406 nm). Additionally, the signal at 315 nm corresponding to transitions between ligand based orbitals and metal + halogen orbitals is clearly visible only in 3 and 4. The most intense signals in the UV-area are also red-shifted for 3 and 4, compared to 2. The reason for the shift is again the larger halogen-effect of bromido ligands compared to chlorido ligands. However, it can be concluded, that a different solvent (ethanol/methanol) does not present any apparent changes in the electronic excitations.
Materials and Methods

General
Commercially available reagents anhydrous CuCl 2 (99%, Aldrich, St. Louis, MO, USA), CuBr 2 (99%, Aldrich) and 4,5-dicyano-1-methylimidazole (97%, Alfa Aesar, Ward Hill, MA, USA) were used without purification. The organic solvents were dried using molecular sieves. Infrared spectra were measured from KBr pellets using a Bruker VERTEX 70 FT-IR spectrometer (Billerica, MA, USA) in the range of 4000-400 cm −1 . The elemental analysis was performed on a varioMICRO V1.7 (Elementar Analysensysteme GmbH, Langenselbold, Germany). The 1H NMR spectra were recorded in DMSO-d6 on a Bruker Avance 400 MHz (Bruker Spectrospin, Rheinstetten, Germany). UV-Vis spectra were obtained by a Perkin Elmer Lambda 9000 UV/VIS/NIR spectrometer (Waltham, MA, USA).
Synthesis of Complexes 1-4
[CuCl 2 (5-cyano-4-C(OEt)N-1-methylimidazole)(EtOH)]
(1). A solution of 4,5-dicyano-1-methylimidazole (0.0200 g, 0.1514 mmol) in ethanol (2 mL) was added to a solution of CuCl 2 (0.0102 g, 0.0757 mmol) in ethanol (1 mL). After an hour stirring, the resulting solution was filtered. The filtrate was kept at 5 • C for slow evaporation. Pale green crystals of a needle shape were formed after a few days. Yield: 0.0190 g, 70%. Anal. Calc. for C 10 [Cu 2 (µ-Cl) 2 Cl 2 (5-cyano-4-C(OMe)N-1-methylimidazole) 2 ] (2). 4,5-dicyano-1-methylimidazole (0.0200 g, 0.1514 mmol) and CuCl 2 (0,0407 g, 0.3028 mmol) were dissolved in 1.5 mL and 1 mL methanol, respectively. Blue-greenish needle crystals suitable for X-ray diffraction examination were isolated after a few days. Yield: 0.0340 g, 38%. Anal. Calc. for C 14 
Crystal Structure Determination
The crystals of 1-4 were immersed in cryo-oil, mounted in a Nylon loop, and measured at a temperature of 150 K. The X-ray diffraction data were collected on Bruker Kappa Apex II Duo and Smart Apex II diffractometers using Mo Kα radiation (λ = 0.71073 Å). The APEX2 [49] program package was used for cell refinements and data reductions. The structures were solved by direct methods using the SHELXS-2014 [50] program with the WinGX [51] graphical user interface. A semi-empirical absorption correction (SADABS) [52] was applied to all data. Structural refinements were carried out using SHELXL-2014 [50] .
The N-H imidate hydrogen atoms were located from the difference Fourier map and constrained to ride on their parent atoms, with U iso = 1.2 U eq (parent atom). All other hydrogen atoms were positioned geometrically and constrained to ride on their parent atoms, with C-H = 0.95-0.99 Å and U iso = 1.2-1.5 U eq (parent atom). The crystallographic details are summarized in Table 5 . 
Computational Details
All calculations were performed by applying Gaussian 09 software package [53] . The optimized geometry and simulated non-scaled infrared spectra for the copper(II) complexes were obtained by PBE0 functional [54] with 6-311+(d) basis set for non-metal atoms and Def2-TZVPPD basis set [31] [32] [33] [34] [35] [36] for copper atom.
To obtain the electronic properties of the complexes, we performed topological charge density analysis with the QTAIM (Quantum Theory of Atoms in Molecules) [55] method, which allowed us to access the nature of the bonding via calculating different properties of the electron density at the bond critical points (BCPs). The analysis was done with the AIMALL program [56] using the wavefunctions obtained from the DFT calculations.
TD-DFT calculations were employed to further compare the electronic properties of the complexes. The UV-VIS spectra were simulated with fully optimized separate molecular models. Solvent effects of the acetonitrile solvent were calculated with the conductor-like polarized continuum model (CPCM) [57] for the gas phase optimized structures.
Conclusions
In this research, we described four new Cu(II) complexes based on 4,5-dicyano-1-methylimidazole ligands. Both the nature of the metal and the solvent play an important role in the coordination of the ligand to the metal center. Copper (II) acts as the promoter for the alcoholysis of the cyano group in the ligand. This leads to the formation of the carboximidate group thereby transforming the 4,5-dicyano-1-methylimidazole into bidentate chelating ligand. The solvent not only participates in solvolysis but it also acts as a second ligand in complex 1. Both the modification of one of the cyano groups and the coordination of the solvent were verified via detailed analysis of the IR bands, assisted by computational simulation of the spectra.
In addition, molecular modelling at the DFT level of theory was performed to study the effects of the halogen type and the steric hindrance of the alkoxy groups on the formation of the copper(II) complexes. The formation of the monomeric or dimeric complex was found to be determined by very small differences in the electronic and steric properties of the coordination sphere of copper. On the other hand, the absorption characteristics of the compounds do not depend on the type of solvent or the nuclearity of the complexes because of the rather similar coordination spheres of the Cu(II) ions. Comparison of the experimental and computationally simulated UV-Vis spectra showed that the main source of differences in the excitations is the type of halogen. Bromido ligands were found to have a larger contribution on the molecular orbitals involved in the main excitations, and therefore a larger halogen effect than the chlorido ligands. 
